. Depletion of suppressor of cytokine signaling-1a causes hepatic steatosis and insulin resistance in zebrafish.
THE EMERGENCE OF VARIOUS SECRETED SIGNALS and their receptors, including various cytokines and hormones, enables cells in multicellular organisms to respond to distinct cues. The JAK-STAT signaling pathway is one of the core transmission systems that mediates the extracellular signals for the activation of many key signaling cascades involved in various physiological processes. Many cytokines and hormones that are involved in many inflammatory cytokine, growth hormone (GH), and prolactin signaling pathways have been proposed (32) . The JAK-STAT pathway can be negatively regulated at multiple levels. First, protein tyrosine phosphatases can remove phosphate from receptors and activated STAT molecules. More recently, members from a small protein family identified as suppressors of cytokine signaling (SOCS) have been found to form negative feedback loops to inhibit JAK-STAT signaling (1) . Based on mouse genetic studies, distinguishable physiological roles for several members of the SOCS family have been delineated. Among the mouse SOCS proteins, SOCS1 has been shown to be involved mainly in IFN␥ responses and prolactin signaling, whereas SOCS3 plays regulatory roles in leukemia inhibitory factor and IL-6 signaling and placental development (15) . The observation of gigantism in SOCS2-deficient mice provides clear evidence that SOCS2 is a negative regulator of GH signaling (29) . Moreover, there is a growing body of evidence suggesting a role for SOCS proteins in insulin signaling (4, 17, 24, 42) .
Somatic growth is a tightly regulated process that is dependent on GH signaling and action. Related to its role in postnatal growth promotion, GH has many other potent effects, including lipid, glucose, and mineral metabolism (35) . GH binds to its cognate receptor and activates a number of transcription factors, including STAT5, mediated through intracellular JAK2 activation (25) . In mammals, the activation of JAK2-STAT5 signaling via GH leads to the transcriptional activation of a wide range of target genes, including IGF-I, antiapoptotic genes, and SOCS2. Insulin is a peptide hormone produced by ␤-cells in the pancreas. Its main function is to promote the absorption of glucose from the blood to other tissues and the storage of fat for use as energy (17) . Normally, GH also influences insulin signaling by antagonizing the action of insulin on glucose and lipid homeostasis in diverse tissues (7) . In mammal animal models, chronic GH excess may promote insulin resistance by increasing hepatic glucose production and triglyceride storage (10, 21) .
The zebrafish SOCS family contains at least 12 members (http://zfin.org/). Additional genome duplication also occurs in the stem lineage of teleost fishes to yield duplicate members of SOCS genes in the zebrafish genome corresponding to some of the mammal SOCS members (34) . Zebrafish socs1a has been found to exhibit significant expression in the liver (20) . The expression of zebrafish socs1a may be induced by LPS and poly I:C, suggesting its potential roles as an inhibitor of IFN signaling (30) . However, it has also been reported that socs1a may also be significantly stimulated in the livers of GH-or GH receptor-overexpressing transgenic zebrafish, indicating its involvement in teleost GH signaling pathways (13, 39) .
Utilizing a dozen powerful genetically modified mouse models, the physiological functions of each SOCS family member have been carefully defined (32) . However, there is no similar genetic model for nonmammalian species. The specificity within the SOCS family of proteins in an in vivo teleost model has not yet been elucidated. To address these questions, we have generated zebrafish that lack the SOCS1a protein. These animals exhibited a relatively healthy juvenile growth. However, the socs1a-null zebrafish begin to grow slowly once they reach adulthood with certain casualties. The loss of socs1a in zebrafish was also found to result in high phosphorylation levels of STAT5, high plasma levels of insulin, hepatic steatosis, and decreased adipose tissue in adults. In addition, elevated levels of gluconeogenesis and lipolysis in the socs1a-deficient liver have been revealed through comparative transcriptomic studies of the zebrafish liver. In contrast, there are no significant variations in the expression levels of the typical inflammatory cytokines, such as IFN␥, IL-1, IL-6, and TNF␣, between the wild-type controls and their socs1a-deficient siblings. Taken together, our studies demonstrate that socs1a gene deficiency in zebrafish results in decreased insulin sensitivity and hepatic steatosis with chronic excess-activated GH signaling.
MATERIALS AND METHODS
Zebrafish husbandry. AB-line zebrafish were maintained at a 14: 10-h light-dark rhythm in circulated water at 28.5°C (22) . The zebrafish were fed newly hatched brine shrimp and TetraMin Tropical Fish food flakes (Tetra) three times/day. The fat composition in both food supplies was 15 and 8%, respectively (8) . Embryos were obtained through natural spawning and cultured at 28.5°C in Ringer's solution. Their developmental stages were determined according to hours postfertilization (hpf) at 28.5°C or following the previously described morphological features (22) . All of the procedures for experimental animal manipulation were approved by the Animal Research and Ethics Committee of the Institute of Hydrobiology of the Chinese Academy of Sciences.
Socs1a knockout via transcription activator-like effector nucleases. The construction and the sequence-specific transcription activator-like effector nuclease (TALEN) effector repeats were performed, following the procedures described by Huang et al. (18) . The four basic single unit vectors NI, NG, NN, and H, which recognized ATGC, were assembled using NheI and SpeI. To generate capped mRNA containing DNA-binding TALEN repeats and the FokI endonuclease domain, the TALEN expression vectors were linearized with NotI and transcribed using a Sp6 mRNA kit (Message Machine Kit, AM1340; Ambion USA). Capped mRNA was injected into wild-type embryos at the one-or two-cell stage. Approximately 10 pooled F0 embryos were lysed for genomic DNA isolation, and the target region was then amplified and digested with StuI. The primers are listed below in Table 1 . The remaining mutation-positive larvae were raised to adulthood and outcrossed with wild-type fish. The F1 larvae were analyzed by StuI digestion and genomic DNA and cDNA sequencing. The F1 transgenic larvae were raised to adulthood and self-crossed to obtain F2 homozygous offspring. The fin genomic DNA was extracted for genotyping. Two independent socs1a mutant lines were obtained (Fig. 1) . However, since the second mutant line [mutant line 2 (M2)] was generated much later, most of the assays were performed with the fish of the mutant line 1 (M1) unless specifically stated.
Messenger RNA synthesis and microinjection. The full-length zebrafish socs1a cDNA flanked with two restriction digestion sites in the primers was amplified and subcloned into the Psp64 construct. The construct was linearized with EcoRI and transcribed using the SP6mRNA kit (Message Machine Kit, AM1340; Ambion USA). Sos1a-deficient female and socs1a-deficient male zebrafish were crossed to obtain socs1a-deficient embryos. Half of the embryos were injected with socs1a mRNA in PBS solution at the one-or two-cell stage, and the other half were injected with PBS saline solution as controls. Five days after injection, specimens were collected for subsequent experimentation.
Histological analysis and Oil Red O staining. The frozen livers were cryosectioned, and the sections were subjected to hematoxylin and eosin staining. The frozen sections were also stained with Oil Red O to visualize the fat deposits in the liver, as described previously (2) . The stained sections were visualized under a light field, and images were captured at different magnifications.
Blood sugar measurement in zebrafish. A OneTouch UltraVue (LifeScan) glucose meter was used for the measurement of blood glucose, which needs 1 l of sample for each measurement. Blood collection was performed as described previously (11) . The zebrafish were fed a chow diet regularly, and the zebrafish were fasted, as described previously (11) . For the glucose treatment assay, the glucose-treated zebrafish were placed in 5% glucose solution for 8 h and then rinsed in Ringer's solution for 10 min (11) .
Triglyceride content assay. A triglyceride (TG) assay Kit was purchased from BioAssay Systems (ETGA-200, CA94545). The liver samples from the adult zebrafish at 120 days postfertization (dpf) were solubilized in ethanoic KOH and then neutralization with MgCl 2 as described (31) . The assay was performed by following the instructions supplied by the manufacturer. Optical density of the samples was measured using SPECTRAMAX M2 (Molecular Devices). Five individuals per sex difference were used for each genotype. The experiment was repeated once.
Western blot analysis. Protein extraction buffer was purchased from Thermo, and protein extraction was performed according to the manufacturer's instructions. STAT5.1 antibody was purchased from Sigma (SAB2102320, used at 1:1,000 dilution). Phosphorylated STAT5.1 antibody was purchased from Millipore (05-495, used at 1:1,000 dilution). Akt antibody was purchased from Cell Signaling Technology (no. 4691, used at 1:1,000 dilution). Phosphorylated Akt antibody was purchased from Cell Signaling Technology (no. 4060, used at 1:1,000 dilution). SDS-PAGE was performed as described previously (27) .
Total RNA extraction and gene expression levels quantified with real-time PCR analysis. Total RNA was extracted using RNeasy Mini Kit (Qiagen). The quality of the total RNA was verified with a microspectrophotometer (Eppendorf) and through electrophoresis. Total RNA was reverse-transcribed with MMLV reverse transcriptase (Thermo). Complementary DNA was diluted 1:50 prior to use. SYBR Green mix was purchased from Toyobo Biotech. The primers used for real-time PCR are listed in Table 1 . To analyze the gene expression at the larval or adult stages, total RNA samples were extracted from Ն40 larvae of each genotype or at least four adults of each genotype. The expression level of the ␤-actin gene was used as the internal control for normalization. The experiments were performed for at least three duplications.
Transcriptome analysis. The total RNA were extracted from the liver tissues of socs1a-deficient and control zebrafish from the M1 mutant line at the 90-dpf stage. The constructions of the cDNA library and cDNA sequencing and comparison were performed by BGI. The expression analyses were performed as described previously (16) .
Whole-mount in situ hybridization. The riboprobe of zebrafish gata1 was described previously (33) . Antisense RNA probes labeled with digoxigenin-UTP (Roche) were synthesized and used for wholemount in situ hybridization, as described previously (27) .
ELISA. The protein extraction buffer for ELISA was prepared as follows: 10 mM Tris·Cl, pH 7.4, 0.1 mM EDTA, 10 mM sucrose, and 0.8% NaCl. The volume of the protein extraction buffer was added to 10 ml/g wet wt liver tissue. The liver was homogenized using an ultrasonic processor on ice and centrifuged at 2,000 g for 10 min. ELISA was performed by following the instructions supplied by the manufacturer. ELISA kits for zebrafish insulin (H203) and glucagon (H183) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Statistical analysis. t-Tests were performed for each experiment. Each result represents the mean of at least three independent experiments. The error bars represent the standard deviations. The P values were calculated and are indicated in the figure legends.
RESULTS
Generation of socs1a-deficient zebrafish. The TALEN-based gene-targeting procedure was used for the depletion of the socs1a gene zebrafish according to a previously published method (18) . Based on sequence information of zebrafish socs1a (NM_001003467), the targeting region designed for socs1a was located at the second exon of the gene locus, and both arms were 18 bp in length. The spacer length between the recognition arms was a 17-bp fragment with a StuI site (Fig.  1A) , which could be used efficiently for testing the mutation within the spacer region. To test the efficiency of the depletion, the targeting region of the socs1a locus was amplified from the genomic DNA of F0 embryos extracted at 3 dpf and then subjected to digestion with StuI. Part of the amplified fragment could not be cut with StuI, which indicates the existence of an indel within the targeting region after application of the depletion procedure. When the F0 zebrafish reached adulthood, positive individuals were identified by tail genomic DNA amplification and StuI digestion as a F0 founder. Subsequent StuI digestion screening for individual juveniles revealed that the offspring of heterozygous parents included fish of each of the three expected genotypes in M1 individuals (Fig. 1B) . The sequence analysis of the tail genomic DNA and transcripts of socs1a in homozygous mutant fish confirmed that two independent mutant lines have been successfully generated as M1 and M2 lines. In these mutants, the deletion of a single nucleotide, namely cytosine (C), or an extra cytosine insertion in the StuI restriction site was found in M1 or M2 mutants, respectively (Fig. 1C) , which results in premature termination of the mutant SOCS1a containing 63 (M1) or 118 (M2) amino acids, of which only the first 22 amino acid residues are identical to those of native zebrafish (Fig. 1D) . After extraction of the total RNA from the whole larvae body, the expression levels of the mutant and native forms of socs1a were increased higher in socs1a-deficient fish than those of the wild-type control fish (Fig. 1E) . This might result from the feedback compensatory regulation on socs1a transcription due to the loss of the functional SOCS1a in vivo.
Conserved functions of zebrafish SOCS1a in JAK-STAT and GH signaling. SOCS proteins have been well recognized as negative regulators of JAK-STAT signaling (1, 32) . To confirm the physiological effects of socs1a depletion in zebrafish in vivo, the status of the activation of JAK-STAT signaling was analyzed. Elevated levels of STAT5 phosphorylation were observed in socs1a-deficient zebrafish compared with wildtype control fish at 5 dpf ( Fig. 2A) . The application of AG490, an inhibitor of JAK, attenuated the excessive activation of STAT5.1 phosphorylation in the mutant fish, suggesting that the superactivation of STAT5.1 is mediated through JAK ( Fig.  2A) . It has been suggested that zebrafish SOCS1a plays a regulatory role in erythropoiesis and inflammatory gene expression (30, 33) . Consistent with this notion, obviously elevated levels of erythropoiesis have been found in socs1a-deficient fish during the early stages, as determined through an assay of gata1 expression at the 24-hpf stage (Fig. 2B ) and the . C: elevated levels of Hbbe1 in socs1a Ϫ/Ϫ fish compared with the WT larvae were detected through Western blot at 5 dpf. The enhanced erythropoiesis could also be attenuated by the addition of AG490. D: a modest increase in the nos. of erythrocytes was observed in socs1a Ϫ/Ϫ adults compared with WT adults, as determined through the red blood cell counts at 90 dpf. E: no significantly elevated expression levels of the inflammatory genes ifn␥, il1b, nfkb2, nkkbiab, il6, or tnf␣ were observed in socs1a Ϫ/Ϫ larvae compared with their control siblings at 5 dpf.
Hbbe1.1 (hemoglobin ␤-embryonic-1.1) protein presence at the 5-dpf stage (Fig. 2C) . In addition, elevated levels of erythropoiesis in socs1a-deficient fish may be prevented by the application of AG490, suggesting the involvement of JAK-STAT signaling in the function of zebrafish SOCS1a on erythropoiesis. However, the excessive levels of erythropoiesis in socs1a-deficient fish tend to be moderate during adulthood because only modestly increased numbers of red blood cells were observed in the mutants compared with their wild-type control counterparts at the 90-dpf stage (Fig. 2D) . To determine the inflammatory status in the socs1a-deficient larvae, the transcriptional expression levels of the several typical inflammatory cytokines have been quantified with the real-time PCR analyses. No significant elevation of the expression levels in socs1a-deficient larvae compared with those of the control fish has been observed at the 5-dpf stage (Fig. 2E) .
At the hatchery, socs1a-deficient fish were undistinguishable from their normal siblings (Fig. 3A) , but by the 20-dpf stage, socs1a-deficient fish began to grow slowly compared with their normal siblings (Fig. 3B) . The socs1a-deficient fish became ill and died between 40 and 120 dpf (Fig. 3C) . Most of the socs1a-deficient adult fish exhibited a smaller body size compared with their wild-type control siblings raised in the same tank (Fig. 3D) .
Hepatic steatosis and decreased adipose tissue in socs1a-deficient zebrafish. For the purpose of healthy examination, the socs1a-deficient zebrafish and their wild-type siblings were dissected. Decreased adipose tissue in the viscera was detected in the socs1a-deficient zebrafish compared with the wild-type fish (Fig. 4, A, C, and D) . Because the liver is the major organ involved in lipid metabolism and homeostasis (36) , the pathological features of the liver were examined by Oil Red O staining. Severe lipid accumulation and hepatic steatosis were observed in the liver of socs1a-deficient zebrafish (Fig. 4,  E-H) . Furthermore, the TG content of the liver tissue was measured. As expected, the TG content in both male and female livers of socs1a-deficient zebrafish from both M1 and M2 were increased compared with their wild-type controls at the 120-dpf stage (Table 2) .
Comparative liver transcriptome analysis through RNA-Seq analysis. Comparative transcriptomics of liver tissues from socs1a-deficient zebrafish and wild-type control fish at 90 dpf was performed using the RNA-Seq technique. Based on the RNA-Seq analysis results (see Supplemental Table S1 ; Supplemental Material for this article can be found online at the AJP-Endocrinology and Metabolism website), some of the transcripts encoding key molecules involved in metabolism were observed to exhibit significantly differential expression (Table 3) . We then selected 11 of these key genes as representatives to confirm the expression patterns reflected by the RNA-Seq analysis. sis ( Fig. 5A and Table 3 ). Among the list of differentially expressed transcripts obtained based on the RNA-Seq analysis and our real-time PCR results, Pck and g6pca1, the ratelimiting enzymes of gluconeogenesis, were significantly upregulated in the liver from socs1a-deficient zebrafish compared with wild-type control fish (Fig. 5A and Table 3 ). The expression level of a key molecule that promotes the activity of lipolysis, foxO1a, was elevated in the socs1a-deficient liver (Fig. 5A) . In contrast, the transcription levels of shxk1, gk, and scd, which are key enzymes involved in glycolysis and lipogenesis, were downregulated in the socs1a-deficient livers ( Fig. 5A and Table 3 ). In addition, several genes involved in the hypoxia-induced responsive cascade, such as hif1␣l (Fig.  5A) , max interactor 1 (mxi-1), hypoxia-inducible domain family member 1A (higd1a), angiopoietin-like 4 (Angptl4, or pgar), and heme oxygenase 1a (hmox1, or HO-1), were also increased significantly in the socs1a-deficient liver (Table 3 ). In addition, the transcriptional levels of many typical inflammatory cytokines, such as IFN␥, IL-1b, IL-6, TNF␣, and IL-10, were either unchanged or downregulated in the socs1a-deficient liver compared with the wild-type liver tissues (Table 3 and data not shown).
Insulin resistance in socs1a-deficient hepatocytes. The expression levels of insulin and its receptor insrb have been found to be upregulated in the socs1a-deficient liver (Fig.  5A and Table 3 ). The protein levels of insulin in the hepatocytes and plasma were measured. ELISA of hepatic and plasma samples revealed significantly elevated levels of Ϫ/Ϫ liver tissue at low (ϫ20; G) and high magnification (ϫ100; H). The high-magnification image observed in H is boxed in G. A markedly higher no. of lipid drops are observed in the liver tissue from socs1a-deficient adults compared with that from the control adults at the 90-dpf stage. All of the assays were performed with at least 3 pairs of size-matched socs1a Ϫ/Ϫ and socs1a ϩ/ϩ adults, and similar results were obtained. insulin in the socs1a-deficient plasma and hepatocytes compared with those of the wild-type control fish (Fig. 5, B and  C) . However, the levels of glucagon in the liver and plasma were similar between socs1a-deficient and wild-type control fish (Fig. 5, D and E). However, under normal feeding, starvation, and high-glucose conditions, the plasma levels of glucose in the socs1a-dificient fish and wild-type control fish were similar (Fig. 5F) . Furthermore, the levels of the phosphorylated Akt levels decreased significantly in the hepatic tissue of socs1a-deficient zebrafish compared with those of the control fish, as determined by the Western blot analysis (Fig. 5G) , which might be associated with the insulin resistance in socs1a-deficient fish. These observations suggest that the typical phenomenon of insulin resistance was observed in the socs1a-deficient fish. Enhanced somatic growth in the heterozygous socs1a-deficient zebrafish. In contrast to the homozygous socs1a-deficient mutant zebrafish, the heterozygous socs1a mutant zebrafish from both independent lines seems to be healthy. Interestingly, their somatic growth performances have been enhanced compared with their wild-type control siblings (Fig. 6, A and B) . Moderated increased levels of the phosphorylated STAT5.1 in the heterozygous socs1a-deficient zebrafish liver have been also observed through Western blot analyses (Fig. 6, C and D) , indicating an enhanced GH signaling activation in the heterozygous socs1a-deficient zebrafish as well. However, unlike their homozygous counterparts, a partial depletion of the socs1a allele could promote the somatic growth that results in integrated gigantism effects.
DISCUSSION
SOCS1-null mice develop complex fatal neonatal defects featuring fatty degeneration and necrosis of the multiorgan failure as a result of inflammatory infiltration, which appears to be due largely to hyperresponsiveness to IFN␥ (38) . The typical hepatosteatosis phenotype in adult SOCS1-null mice could be induced only by a high-fat diet (HFD) after the early death of SOCS1-null mice rescued with a RAG2-deficient background (12) . The neutralization of IFN␥ in SOCS1/IFN␥-double-null mice improved their whole body insulin sensitivity due to enhanced insulin action in the liver and greater suppression of hepatic glucose production (19) . The zebrafish SOCS1a has been suggested to play roles in hematopoiesis and the IFN signaling pathway similar to those of its mammalian counterpart. It has been demonstrated that the functions of SOCS1a could be mediated by the JAK2-STAT5 pathway (30, 33) . The results of this study demonstrated elevated levels of phosphorylated STAT5 and hemoglobin mediated via JAK activation in socs1a-null zebrafish compared with the wild-type control fish during their early and adult stages, which confirmed the roles of SOCS1a in activation of the JAK-STAT5 pathway and hematopoiesis (Fig. 2, B and C) . Based on our RNA-Seq analyses, although a moderate upregulation of IFN␥ expression was observed in socs1a-deficient fish during the early stages (Fig. 2E) , no significant changes in the numbers of the adult erythrocytes or the expression levels of typical inflammatory cytokines such as ifn-␥, il-1b, il-6, and tnf␣ in adult hepatocytes were observed between socs1a-deficient and control zebrafish ( Fig. 2D and Table 3 ).
The upregulated expression levels of socs1a have been reported in GH-overexpressing transgenic zebrafish previously, suggesting that SOCS1a could be also a negative modulator of the somatotrophic axis in zebrafish (13, 39) . GH signaling is known to stimulate gluconeogenesis, lipolysis, and adipose tissue mobilization in mammals and teleosts (26, 28, 36) . A central role of the JAK2-STAT5 pathway in mediating the growth-stimulating action of GH signaling has been reported in teleosts (23) . The expression levels of Foxo1a, pck, and G6Pase, a key regulator and two enzymes controlling the gluconeogenesis, were significantly increased in the liver of socs1a-deficient zebrafish compared with those of the control fish (Fig. 5A) . Moreover, a significant decrease in the size of adipose tissue was observed in the socs1a-deficient zebrafish compared with the control fish (Fig. 4, A, C, and D) , which is opposite against the phenotype of increased adiposity in ghdeficient zebrafish (28) . In addition, the enhanced somatic growth performance has been observed in the heterozygous 1-␣ like (hif1␣l) . The relative transcript levels were determined by real-time RT-PCR, using ␤-actin as the internal standard. The expression levels of some of the genes in the livers were assayed with the samples from both M1 and M2 mutant lines. B and C: the levels of insulin in the liver (B) and plasma (C) from socs1a Ϫ/Ϫ and WT control adults were determined by ELISA. D and E: the levels of glucagon in the liver (D) and plasma samples (E) from socs1a Ϫ/Ϫ and WT control adults were determined by ELISA. F: blood glucose concentration in socs1a Ϫ/Ϫ and socs1a ϩ/ϩ zebrafish under different conditions at 90 dpf. The detailed conditions are described in MATERIALS AND METHODS. G: decreased levels of phosphorylated Akt in socs1a Ϫ/Ϫ fish compared with WT control fish in hepatic tissue at 90 dpf. The data are expressed as means Ϯ SE from 3 separate measurements. The asterisk *P Ͻ 0.05 and **P Ͻ 0.01, significant and very significant differences, respectively, with Ն1-fold difference. The primers designed for the real-time PCR analysis are listed in Table 1. E856 LIPODYSTROPHY CAUSED BY socs1a DEPLETION IN ZEBRAFISH socs1a-deficient fish (Fig. 6A) . Taken together, all of these findings revealed that socs1a deficiency results in a chronic excess activation of GH signaling in zebrafish. In contrast, the expression levels of pck and G6Pase remained either unchanged in SOCS1-null mice or significantly decreased in SOCS1/IFN␥-double-null mice (12, 19) , providing further evidence regarding the differences in the physiological functions and signaling mediated by zebrafish SOCS1a and mouse SOCS1.
Energy metabolism and somatic growth are closely coordinated in animals, and the liver is a key metabolic organ that governs body energy metabolism (36) . With an evident defect in somatic growth in the homozygous socs1a-deficient adult zebrafish (Fig. 3) , the dynamic status of the liver was our focus in this study. At 90 dpf, liver steatosis was observed in socs1a-deficient fish (Fig. 4 , E-H, and Table 2 ), as could also be observed in SOCS1-, SOCS2-, and SOCS3-deficient mice only in the presence of HFD (12, 37, 42) . Moreover, significantly increased plasma insulin levels were observed in socs1a-null fish, and the mutant fish did not exhibit improved plasma glucose clearance compared with the control fish (Fig.  5) . However, the increased levels of insulin in socs1a-deficient fish did not stimulate lipogenesis or glycolysis in the liver, which was reflected through comparative transcriptomics of liver tissues from control and mutant fish (Fig. 5F ). This finding suggests that socs1a depletion impairs hepatic insulin sensitivity in socs1a-deficient zebrafish (5, 36) . However, the impaired insulin sensitivity could be achieved by the overexpression of SOCS1 or SOCS3 in the liver transgenic mouse models (40) . Mouse SOCS1 deficiency does not prevent HFDinduced insulin resistance in combination with SOCS1/RAG2 deficiency (12) . SOCS2 deletion in mice can protect against hepatic steatosis but only worsens insulin resistance with HFD feeding (42) . Notably, the phenotype observed in socs1a-deficient zebrafish is clearly different from the SOCS1-, SOCS2-, and SOCS3-knockout mouse phenotypes (12, 37, 40, 42) , with enhanced liver steatosis and impaired insulin sensitivity under normal feeding conditions suggesting the differences in the regulation of hepatic metabolism between these two vertebrate models.
The liver lies at the crossroad of lipid metabolism by actively taking up lipids associated with remnant particles as well as FFA originating from adipose tissue lipolysis. As a result of enhanced lipolysis and gluconeogenesis activities in the socs1a-deficient liver, these activities should consume a large amount of oxygen to produce energy (14) . It is conceivable that lipid metabolism is related to hypoxia sensing, particularly in aquatic vertebrates. Unlike SOCS1-, SOCS2-, and SOCS3-deficient mouse models, the expression level of hif1al was significantly increased in the liver of the socs1a mutant fish (Fig. 5A) . Hif-mediated metabolic approaches appear to be important for the maintenance of local oxygen homeostasis in the liver by either limiting oxygen consumption or promoting fatty acid oxidation to glycolysis and blocking mitochondrial biogenesis (14) . Because of the highly activated GH signaling in socs1a mutant fish, glycolysis activity is inhibited. In fact, the transcriptional expression of several key enzymes involved in glycolysis, such as shxk1 and gk, was decreased in the socs1a mutant liver (Fig. 5A ). In addition, upregulated levels of several key hypoxia-inducible genes other than hif1al, such as mxi-1, higd1a, Angptl4, and hmox1, (Fig. 5A) , have been observed in the socs1a-deficient liver (Table 3) . These molecules have been reported to be involved in hypoxia-inducible responses and important regulators for mitochondrial biogenesis (43) , physiological stress (3), LPL activity in peripheral tissues (9) , and cytoprotection against oxidative stress during liver ischemia (41) . Thus, our results above reveal that the depletion of socs1a causes a complex metabolic syndrome, including local hypoxia stress, progressive hepatic steatosis, and insulin resistance in fish. Based on the observed loss of ϩ/Ϫ fish were assayed at the 120-dpf stage for M1 (n ϭ 15 for the control siblings, n ϭ 13 for the socs1a ϩ/Ϫ ) or at the 185-dpf stage for M2 (n ϭ 9 for the control siblings, n ϭ 21 for the socs1a ϩ/Ϫ ). The socs1a ϩ/Ϫ fish and their control siblings from each mutant line were raised in the same tank. The slower overall growth of the individuals of M2 than those of M1 observed might be due to different densities and culture conditions in different aquariums. C: the levels of the phosphorylated STAT5.1 (p-STAT5.1) in the adult hepatic samples of the socs1a ϩ/ϩ , socs1a ϩ/Ϫ , and their control sibling fish were quantified with Western blot analyses. D: gray values of Western blot signal were read by ImageJ software.
visceral and subcutaneous fat, hepatic steatosis, and hepatic insulin resistance, our socs1a-deficient zebrafish display a phenotype similar to that observed in mammalian models with lipodystrophy (6) .
Our data provide strong evidence that SOCS1a acts as an essential negative regulator of GH signaling mediated by JAK-STAT5 in zebrafish. However, because of differences in physiological and metabolic features between the terrestrial mammal model and the aquatic vertebrate model, the gigantism phenotype of the SOCS2-null mouse has not been achieved in SOCS1a-deficient fish, which actually progressively develop a complex metabolic syndrome. Although changes in the expression patterns of typical inflammatory cytokines are not observed in the socs1a mutants, several inflammation-responsive genes have been found to be differentially expressed in the livers between wild-type and socs1a-deficient fish (Table 3) . Therefore, chronic low-grade inflammation may not be excluded as a cause of the hepatic steatosis and insulin resistance observed in the mutant fish. Zebrafish SOCS1a has been suggested to function in immune response and GH signaling, which is consistent with our observation that socs1a-deficient fish exhibit characteristics of both GH and hepatic steatosis phenotypes. However, compared with mouse genetic models, socs1a depletion in zebrafish did not recapitulate the phenotypes of SOCS1-, SOCS2-, or SOCS3-deficient mice. In this aspect, our existing data also cannot rule out the compensatory roles of zebrafish SOCS1b in our socs1a-deficient models. More detailed analyses of the unique metabolic features of teleosts from mammal animal models and of the major targeting signaling pathway for each teleost SOCS member will further clarify the metabolism principles applied in fishery and the physiological roles of teleost SOCS members.
